The condensation of energetic metal ions on a surface may cause self-sputtering even in the absence of substrate bias. Charge-stateaveraged self-sputtering yields were determined for both zirconium and gold ions generated by a cathodic vacuum arc. Films were deposited on differently biased substrates exposed to streaming Zr and Au vacuum arc plasma. The self-sputtering yields for both metals were estimated to be about 0.05 in the absence of bias, and exceeding 0.5 when bias reached -50 V. These surprisingly high values can be reconciled with binary collision theory and molecular dynamics calculations taking high the kinetic and potential energy of vacuum arc ions into account.
Energetic condensation can be defined as a deposition process where condensing (film-forming) species have hyperthermal energies. Energetic condensation has attracted attention in the framework of ion plating, 1 the synthesis of diamond-like carbon films, 2 and semiconductor metallization by ionized Physical Vapor Deposition. 3 At hyperthermal energies, film-forming ions or atoms are inserted under the surface (subplantation). Film growth by subplantation 2 has been associated with desirable properties such as good film adhesion, reduction of roughness, and high density and hardness.
A practical approach to implementing energetic condensation is to utilize streaming metal plasma from a cathodic arc plasma source. The cathode is the feedstock material, and phase transformations from solid metal to plasma occur at micron-size, nonstationary cathode spots. 4 Accelerated by extreme pressure gradients and electron-ion coupling, ions reach a high velocity, which is supersonic with respect to the ion sound velocity. 5, 6 The average final velocity will be designated with , and the corresponding average "natural" kinetic energy of cathodic arc ions is
Negative substrate bias provides an additional boost to positive ions before they impact the substrate surface. The ion charge state, Q, which is often +2 or +3 for many cathode materials, 7 is a multiplier for the kinetic energy gain determined by the sheath voltage, V s , and thus the total kinetic energy can be written as
where e is the elementary charge.
The high energy in the condensation process from cathodic arc plasmas suggests that subplantation may be accompanied by self-sputtering. Sticking probability and selfsputtering yield will affect the net growth rate, texture, and morphology of a growing film. The sticking probability is defined as the probability that the incident ion remains bound to the solid, and the self-sputtering yield is defined as the number of surface atoms ejected per incident ion. Little or no information is available on self-sputtering yields for the case of condensing cathodic vacuum arc plasmas without or at low bias voltage.
In the present work, the relevance of self-sputtering for condensing cathodic vacuum arc ions is investigated at various bias voltages. Certainly, the effect will depend on the specifics of the material considered. One would suspect that self-sputtering is especially important for heavy ions and materials of small surface binding energy.
The experimental approach was to measure the difference between expected film thickness, based on measurements of the current of ions condensing on a substrate of known area, and actual film thickness, measured by profilometry. The self-sputtering yield can be determined from
where N i is the number of ions incident on the substrate during the deposition process, and N f is the number of atoms found in the film after deposition. Equation (2) has the shortcoming that it does not account for sputtering of the substrate, which will occur at the very beginning of the deposition process, and it does not allow for 
The actual experiment was done with pulsed plasmas, and therefore the expression ( )
was used. The summation is over the number of pulses, and the integral is over the duration of one arc pulse. Because the mean ion charge state was not simultaneously measured, previous results 8 for
were used instead.
The secondary electron emission at can be ascribed to two mechanisms: potential emission (PE) and kinetic emission (KE). PE is characterized by an Auger-type process in which at least two conduction band electrons are involved, one neutralizing the arriving ion into the ground state, and the other being excited into the continuum above the filled band. 9 The yield by PE is generally small, about 0.1, and therefore can be neglected. KE is a process where the ion transfers kinetic energy to electrons in the metal to eject them above the surface barrier into the vacuum. KE has an energy threshold and it is safe to neglect KE for the energy range in the present experiment. 10 Hence, Eq. (5) can be simplified to
The number of atoms in the film was determined by measuring the film thickness, Additional observations should be mentioned. Firstly, in the case of gold, the effect was immediately visible. The sample at ground potential showed the characteristic gold color, which gradually disappeared on samples of higher bias. Almost no film was discernable on samples of bias exceeding -50 V. Secondly, there was noticeable gold coating on parts and components that did not have a line of sight with the plasma source, indicating that scattering in the plasma or sputtering from a surface must have occurred.
Using Eq. (2), the thickness data of Fig. 2 can be converted to self-sputtering yields (Fig. 3 ).
Molecular dynamics, 11, 12 binary collision theory, 13, 14 and kinetic Monte-Carlomolecular dynamics calculations 15 have been used to model the energetic interaction of hyperthermal atoms and ions with solids. For normal incidence, the sticking coefficients were determined to be unity for all materials, 12 and the self-sputtering yields at 100 eV tendencies. One should keep in mind that the total energy of most cathodic-arc Zr and Au ions exceeds 100 eV even at zero bias, taking into account not only kinetic but also potential energy. 16 Sources of error need to be discussed. Above all, it should be emphasized that cathodic arcs involve non-stationary processes, and large fluctuations are seen on all data.
Therefore, all results are to be understood in terms of averages.
The self-sputter yields obtained for bias exceeding -50 V should be taken with caution because substrate sputtering plays a significant role, contrary to the assumption of Eq.(2). The actual self-sputter yields will be higher, and one should only conclude that i γ exceeds 0.5. A future, improved experiment could start with pre-fabricated film samples.
The influence of macroparticles on measured film thickness was minimized by disregarding all peaks in the film profile. To evaluate the remaining error, one needs to consider their effect on substrate current and film thickness. Macroparticles have a very small charge-to-mass ratio, and it is reasonable to neglect their electric current.
Macroparticles are incorporated in the film, and hence if they did not exist, the film would have been thinner. Therefore, the actual self-sputtering yields are larger than what
was measured with macroparticles, and the here-determined self-sputtering yields represent lower limits.
Another possible error is the deposition of neutrals coming from the cathode spot area. Similar arguments as with macroparticle apply, and observed yields must again be considered as lower limits. Re-deposition of self-sputtered atoms may also affect the observed yields.
Sputtered atoms may interact with the streaming plasma and some may return to the substrate. Re-deposition makes the observed self-sputtering yields to be lower limits.
Film density was assumed to be close the material's bulk density. If the real film density was less, the actual number of atoms in the film would be less for the measured film thickness, and therefore the self-sputtering yield would be even larger than what was determined.
The emission of secondary electrons is electrically equivalent to arrival of ions, and therefore the observed sputtering yields would be overestimated. As mentioned above, only PE can contribute under the present conditions. PE does not depend on the kinetic energy (i.e., bias) therefore the effect at different bias voltages cannot be caused by secondary electrons.
In summary, the self-sputtering yields for cathodic-arc Zr and Au were found to be about 0.05 in the absence of bias, and exceed 0.5 when the bias voltage was greater than -50 V. Self-sputtering leads to the presence of neutrals in cathodic arc plasmas.
Implications on the evolution of ion charge-state distribution and coatings will be considered in future work. The findings are not limited to cathodic arc plasmas but applicable to all deposition processes where high degree of ionization and high kinetic energy of condensing species is involved, such as in pulsed laser deposition. 12
